Gorges LL, Lents NH, Baldassare JJ. The extreme COOH terminus of the retinoblastoma tumor suppressor protein pRb is required for phosphorylation on Thr-373 and activation of E2F.
cyclin; cell cycle THE RETINOBLASTOMA SUSCEPTIBILITY GENE (RB1) was the first tumor suppressor gene to be identified, and it encodes a 110-kDa nuclear phosphoprotein (20, 53, 62) . Inactivation of the retinoblastoma tumor suppressor protein pRb is associated with development of many malignant cancers such as retinoblastomas, osteosarcomas, and small cell lung carcinomas (18, 27, 52, 70, 75) . In accordance with its role as a tumor suppressor, introduction of Rb into Rb Ϫ/Ϫ cells diminishes their capacity for malignant transformation (4, 38) . In addition, pRb plays a critical role in DNA replication, cellular senescence, differentiation, and apoptosis, placing pRb at the center of cellular proliferation and tumorigenesis (26, 40, 70) .
pRb has been shown to interact with E2F transcription factors through a distinct "pocket" domain, encompassing amino acids 379 -772, resulting in inhibition of E2F transcriptional activity (2, 3, 8, 10) . Transcriptional repression resulting from this high-affinity interaction directly correlates with the ability of pRb to arrest cells in G 1 (65, 66) . In addition to the pocket domain, the COOH-terminal domain (amino acids 773-928) plays an equally important role in facilitating E2F binding and is required for full repression of E2F-responsive promoters and growth suppression (6, 63, 74) . The retinoblastoma protein inhibits E2F-mediated transcription via two distinct mechanisms. First, pRb binds to the E2F transactivation domain and inhibits the ability of E2F to promote transcriptional activation of E2F-dependent genes (32, 33) . Second, pRb actively represses the expression of certain genes by recruiting chromatin remodeling factors such as HDAC, Brg1, and Suv39H1 to E2F-responsive promoters in a cooperative effort to silence E2F-mediated transcription (6, 59, 63, 73, 78) .
A large body of evidence supports the notion that pRb maintains transcriptional repression of E2F-responsive genes when it is hypophosphorylated (11, 15, 19, 28, 61, 62, 77) . However, the transcriptional inhibitory activity of pRb is attenuated upon hyperphosphorylation by the sequential actions of cyclin-CDK-associated activity (14) . Thus pRb exists in a repressive hypophosphorylated form in G 0 and early G 1 and is converted to an inactive hyperphosphorylated protein by late G 1 in a cell cycle-dependent manner (7, 9, 60) . Moreover, hyperphosphorylation of pRb is concomitant with its release from E2F (31, 34, 41, 67, 75) and transcriptional initiation of E2F target genes necessary for DNA synthesis and G 1 /S-phase progression (12, 15, 16) .
Amino acid sequences surrounding pRb phosphorylation sites resemble those typically phosphorylated by CDKs (53, 54) . There are 16 CDK consensus sites within human pRb: seven are located in the COOH-terminal domain (amino acids 773-928), six are located in the NH 2 -terminal domain (amino acids 1-378), and three are located in the A/B pocket (amino acids 379-772) (Fig. 1) . Identification of an NH 2 -terminally deleted pRb construct that is capable of arresting cells similar to that of wild-type pRb (24) has led to the supposition that the NH 2 -terminal region is dispensable for the suppressive functions of pRb. Thus extensive focus has been placed on the pocket region and COOH-terminal domain of pRb, since these are also the regions aforementioned that necessitate critical interactions between pRb and E2F and are rich in potential CDK phosphorylation sites.
Interestingly, patients displaying bilateral and unilateral retinoblastomas exhibit a number of different mutations within the NH 2 -terminal domain of pRb (35, 36, 76) . In addition, reports also show variable truncations of the NH 2 -terminal domain that result in enhanced tumor suppressive abilities, suggesting that the NH 2 -terminal region may function to regulate cell cycle progression (79) . Interestingly, deletion of the NH 2 terminus yields pRb mutant constructs that are very weakly phosphorylated, presumably due to the loss of sequences necessary to attain hyperphosphorylation by cyclin-CDK throughout pRb (65) . Finally, a recent study by the Mittnacht group (30) reported the crystallization of an NH 2 -terminal peptide fragment encompassing amino acids 40-355. The crystallized structure of this NH 2 -terminal region displayed striking resemblance to the pocket region of pRb in that they both share tandem cyclin folds that provide multiple binding sites for ligands. The report provides further evidence supporting a tight association between the NH 2 -terminal fragment and the pocket domain, an interaction that can be disrupted by binding of protein ligands within the cyclin folds (30) .
Although these surprising results await further confirmation, this report strongly suggests that the NH 2 -terminal domain does not exist as a free entity. Rather, it likely associates with the pocket domain of pRb, as does the COOH-terminal domain. Moreover, binding of protein ligands to the NH 2 -terminal cyclin folds can modulate this structural conformation, although the biological consequence of this rearrangement remains to be elucidated. Because 6 of the 16 CDK phosphorylation sites are located within the NH 2 -terminal region of pRb, this domain likely takes part in critical interactions required for proper cell cycle function, such as those involving E2F. Together, these data suggest that the NH 2 -terminal domain plays a stronger role in pRb regulation than originally thought, and in contrast to the pocket and COOH-terminal domain of pRb, the NH 2 -terminal region has undergone comparatively limited investigational analysis. Clearly, the complex interactions between the NH 2 -terminal, COOH-terminal, and pocket domains require further investigation.
In previous studies, we demonstrated that CDK2-cyclin E activity is sufficient in inactivating pRb in ␣-thrombin-stimulated cells lacking CDK4-cyclin D activity (42) . Furthermore, in the absence of CDK4-cyclin D1 activity, restoration of four CDK2-cyclin E phosphorylation sites to pRb ⌬CDK (a dominantly repressive allele in which CDK phosphorylation sites have been mutated to alanine) results in transcriptional activation of E2F response elements (42) . Although these data contradict the prevailing notion that inactivation of pRb requires sequential phosphorylation by cyclin-CDK activity, they provide a possible explanation as to why increased cyclin E expression correlates with poor prognosis in several types of cancers (5, 13, 22, 25, 29, 42-49, 51, 56, 58, 68, 69, 71) . More recent studies in our laboratory have revealed that pRb inactivation can be mediated by CDK2-cyclin E phosphorylation of a single site, Thr-373 (57) . These data underscore the importance of CDK2-cyclin E activity in pRb inactivation and G 1 /S-phase cell cycle entry and provide a potential contributing mechanism of cyclin E-associated enhanced tumorigenicity.
In addition to extending our earlier results to human cancer cells, human primary cells, and native human promoter sequences, the current study focused on the potential contributions of additional phosphorylation sites in the NH 2 -terminal domain of pRb in the inactivation of the transcriptional repressive properties of pRb. We also explored the necessity of the intact COOH terminus of pRb for phosphorylation-mediated inactivation. We found that a single phosphorylation event at either Thr-373 or, to a lesser extent, Thr-356 within the NH 2 -terminal domain of pRb ⌬CDK results in increased E2F activity, suggesting that pRb inactivation is possible with just one phosphorylation event. Indeed, phosphorestoration of Thr-373 reduces the association of pRb ⌬CDK with E2F and allows normal S-phase entry in stimulated cells. Provocatively, the intact COOH-terminal domain is required for phosphorylation on Thr-373 of both wild-type pRb and pRb⌬CDK ϩT373 . Furthermore, when the COOH-terminal domain is removed from either wild-type pRb or pRb⌬CDK ϩT373 , they are rendered immune to inactivation during G 1 and remain repressive of E2F activation and S-phase entry. Together, these data provide mechanistic and biological evidence for cooperative interactions between the NH 2 -terminal and COOH-terminal domains in the regulation of the pRb tumor suppressor protein and compel more detailed studies of pRb inactivation in its fulllength context.
MATERIALS AND METHODS
Cell culture and transient transfection. Saos-2 osteosarcoma cells and T98G human glioblastoma cells were obtained from the American Type Cell Collection and maintained as recommended. Primary human diploid fibroblasts (HDF cells) were grown and maintained in Dulbecco's modified Eagle's medium containing 4.5 g/l glucose and 2 mM L-glutamine (BioWhittaker, Walkersville, MD), supplemented with 10% (vol/vol) fetal calf serum (FCS). HDF cells were electroporated or transfected with JetPEI as recommended by AMAXA (www.amaxa.com) and the manufacturer's protocol, respectively. After transfection, subconfluent T98G or HDF cells were growth arrested by being washed once with ␣-minimal essential medium without phenol red (Invitrogen) containing 2 mM L-glutamine (BioWhittaker), followed by a 48-h incubation in the same medium. Cells were stimulated with 10% serum following serum arrest conditions. Saos-2 cells were transfected using the Fugene reagent (Roche) according to the manufacturer's protocol or electroporated according to the AMAXA protocol. After transfection, asynchronous Saos-2 cells were harvested and assayed accordingly.
Constructs. 3xE2F-Luc was generously provided by Erik Knudsen (72) . Cyclin E-luciferase and the Renilla expression plasmid were obtained from Promega. Luciferase reporter assay. A luciferase reporter assay was conducted as previously described (42, 57) . Briefly, HDF cells were transfected with 1 g/ml 3xE2F-Luc, 100 ng/ml Renilla expression plasmid, and 1 g/ml pRb construct as indicated. After transfection, HDF cells were rendered quiescent (see above) and stimulated with 10% FCS for 17 h. Cell lysates were then prepared for luciferase assay according to the manufacturer's protocol (Promega, Madison, WI). Renilla activity was measured from the same samples using the Dual-Luciferase Reporter Assay System from Promega. Relative light units were then divided by units of optical density from the Renilla assay to normalize for transfection efficiency according to the manufacturer's instructions (Promega). Saos-2 cells were treated in a similar fashion, except asynchronous cells were harvested 38 h posttransfection. Error bars represent standard deviation for triplicate samples within one experiment and are representative of at least three independent experiments.
Coimmunoprecipitations and Western blotting. Saos-2 or HDF cells were transfected with 2 g/ml Flag-tagged Rb, Rb ⌬CDK , and E2F1 as indicated. After transfection, HDF cells were synchronized as described above, whereas asynchronous Saos-2 cells were harvested 40 h posttransfection. Cells were washed twice with PBS and scraped into cold lysis buffer [50 mM Tris ⅐ HCl, pH 8.0, 150 mM NaCl, 5 mM EDTA, 0.5% (vol/vol) Nonidet P-40, 1 mM PMSF, 2 mM sodium vanadate, 20 mM sodium fluoride, 50 M ␤-glycerophosphate, and 10 g/ml aprotinin, leupeptin, and pepstatin]. Lysates were sonicated briefly, and the insoluble material was pelleted by centrifugation. Protein concentration was determined using Coomassie Plus (Pierce) as recommended by the manufacturer. Protein lysates (100 -200 g) were incubated with 2 g of E2F1 antibody (sc-193) for 2 h at 4°C. Immune complexes were precipitated using a 50:50 mixture of A/G beads (sc-2003) overnight with gentle rocking. The immune complexes were pelleted by microcentrifugation at 3,000 g and washed three times with cold lysis buffer. Immunocomplexes were resuspended in 1ϫ Laemmli buffer, resolved by 8% polyacrylamide gel electrophoresis, and transferred to a polyvinylidene difluoride membrane (Millipore, Boston, MA) as recommended by the manufacturer. Membranes were probed with ␣-Flag monoclonal antibody (Sigma F3165). Phospho-T373 membranes were probed with p-Rb (T-373)-R polyclonal antibody (Santa Cruz 16672-R). Immunoreactive bands were visualized by enhanced chemiluminescence detection (ECL; Amersham Biosciences).
[ 3 H]thymidine incorporation assay. A [ 3 H]thymidine incorporation assay was performed precisely as described previously (21) . Error bars represent the standard deviation between triplicate samples (n ϭ 3), and the data are representative of three independent experiments.
RESULTS

Restoration of an individual phosphorylation site to pRb relieves transcriptional repression at the cyclin E promoter.
The family of Rb pocket proteins is known to interact with members of the E2F transcription family and regulate transcriptional expression of key genes necessary for S-phase progression. Such genes include cdc6, cdk1, cyclin A, and cyclin E. Using "reverse mutational analysis," we restored CDK phosphorylation sites singly and in combination to the Rb ⌬CDK mutant construct (57) . Rb ⌬CDK is a dominantly repressive mutant of Rb in which 15 of the 16 potential CDK sites have been mutated to alanine (Fig. 1). (The remaining phosphorylation site, Thr-5, is constitutively phosphorylated in a cell cycle-independent manner and is thus not considered to be a CDK-regulated phosphorylation event.)
We began our study in an effort to extend our earlier observations in rodent cells (57) to human cells. Since Saos-2 osteosarcoma cells do not express functional pRb, we utilized these cells as a "clean" context to determine the direct effect of ectopically expressed pRb constructs on E2F activity. As has been shown in other cell types, we report that Rb ⌬CDK repressed activation of an artificial 3x-E2F-luciferase reporter in which three tandem copies of the E2F binding site from the Dhfr promoter drive expression of the firefly luciferase open reading frame (ORF). Furthermore, in agreement with our previously published findings (57), we observed that restoration of Thr-373 to Rb ⌬CDK relieved this repression ( Fig. 2A) . In fact, also as shown previously, activation of E2F was enhanced in cells that expressed Rb⌬CDK ϩT373 , even compared with those that expressed wild-type pRb ( Fig. 2A) . As discussed extensively in our previous report, this supports the notion that pRb may normally exist in several phosphoisoforms, only some subset of which are phosphorylated on the necessary residues to facilitate release of E2F (57) . If Thr-373 phosphorylation alone can mediate activation of E2F, an allele of pRb that contains only this phosphorylation site would be expected to function as an all-or-none switch, explaining the enhanced activation of E2F in the context of Rb⌬CDK ϩT373 expression, observed now in both rodent and human cells.
Although our previous studies had identified Thr-373 as a key phosphorylation event in pRb responsible for alleviating repression of an artificial E2F response element (42, 57) , in the present study we wanted to extend our focus to the activation of a native promoter sequence from a bona fide S-phase gene. Thus we employed a cyclin E reporter plasmid containing sequence from the human cyclin E promoter (Ϫ363 to Ϫ1007) driving expression of the luciferase ORF when induced (23) .
To that end, we found that Rb ⌬CDK also effectively blocked transcriptional activation of the native cyclin E reporter in Saos-2 cells (Fig. 2B) . Furthermore, in agreement with previously reported data from rodent cells (57) , restoration of Thr-373, alone or in combination with other CDK2-cyclin E sites, was sufficient to relieve transcriptional repression of the cyclin E promoter in human cells (Fig. 2B) . Interestingly, restoration of additional phosphorylation sites to Thr-373 attenuated the activation of the cyclin E promoter (Fig. 2, A and B) .
Although Saos-2 cells provide the opportunity to measure the direct effects of ectopic pRb expression on cyclin E promoter activity, these cells are oncogenically transformed and difficult to synchronize in G 0 , presumably due to alterations in signaling pathways associated with the malignant phenotype. To circumvent the potential contribution of altered cell cycle dynamics on cyclin E activity and to demonstrate the affect of Thr-373 phosphorylation on cyclin E promoter activity in noncancerous cells, we utilized primary diploid human fibroblasts (DHFs) isolated from skin. In agreement with data resulting from Saos-2 osteosarcoma cells, primary human skin fibroblasts displayed an increase in cyclin E promoter activity in the presence of restored Thr-373 alone or in combination with other phosphorestorations (Fig. 2C) . As in Saos-2 cells, restoration of CDK phosphorylation sites other than Thr-373 had no effect on transcriptional derepression of cyclin E activity, and these constructs behaved in a manner similar to the constitutively repressive Rb mutant construct, Rb ⌬CDK ( Fig. 2C and other data not shown) . Together, these data support a role for Thr-373 phosphorylation in E2F activation in both osteosarcoma and primary human fibroblast cells.
Additional reverse mutational analysis of the NH 2 -terminal domain of pRb. Reports have indicated that NH 2 -terminally truncated pRb (p56 Rb ) is sufficient in blocking G 1 progression (24), lending credence to the idea that the carboxy terminus is the functional domain of pRb with respect to cell cycle control (37, 39) . Thus the p56
Rb construct has been integrated into many studies involving Rb, rendering little information about the NH 2 -terminal domain and how it contributes to the regulation of pRb, E2F, cell cycle progression, or differentiation. Interestingly, residues within the NH 2 terminus have been found to be phosphorylated in vivo (54) , but further investigation regarding the function of these CDK phosphorylations has been limited. In an effort to understand whether other NH 2 -terminal CDK phosphorylation sites affect the ability of pRb to repress E2F-dependent transcriptional activation, we restored phosphorylation sites to Rb ⌬CDK found in the NH 2 -terminal domain (Fig. 1) . To test the effect of these Rb mutant constructs on cyclin E activation, we expressed these constructs in asynchronous Saos-2 cells. Interestingly, the Thr-356 restorative site resulted in a substantial increase in cyclin E-luciferase activity, whereas restoration of Ser-230, Ser-249, or Ser-252 had little effect (Fig. 3A) .
To further this analysis of the NH 2 terminus and extend it to primary human fibroblasts, we combined multiple phosphorestorations within the NH 2 -terminal domain of pRb, together with Thr-373, and observed the effect on activation of the cyclin E promoter (Fig. 3B ). This analysis confirmed that Thr-373 is indeed the key NH 2 -terminal phosphorylation site and that addition of further phosphorestorations attenuates E2F activity at the cyclin E promoter, similar to restorations in other domains of pRb (Ref. 86 and Fig. 2) .
Phosphorylation of Thr-373 results in diminished binding of E2F1. Both the cyclin E promoter construct and the 3xE2F-Luc reporter contain DNA consensus sequences that are recognized by the E2F (18, 50, 64) . The retinoblastoma protein is known to associate with these E2F transcription factors and regulate E2F-responsive genes, many of which are required for G 1 -to S-phase cell cycle progression, in a phosphorylationdependent manner. Thus the assumed mechanism by which restoration of Thr-373 to Rb ⌬CDK facilitates activation of E2F is by the phosphorylation of Thr-373 by cyclin-CDK and the subsequent release of E2F from this mutant construct. However, with the recent availability of a specific antibody that recognizes only Thr-373-phosphorylated pRb, we endeavored to demonstrate this mechanism directly. To specifically asses the cell cycle-dependent Thr-373 phosphorylation of our pRb constructs, we utilized primary human skin fibroblasts (DHFs), which can be easily synchronized in G 0 by serum deprivation. As expected, we observed that wild-type pRb became phosphorylated on Thr-373 upon serum stimulation, whereas Rb ⌬CDK did not (Fig. 4A) . Furthermore, we have confirmed, for the first time, that restoration of Ala-373 back to the wild-type threonine in Rb ⌬CDK does rescue the ability of this construct to be phosphorylated during G 1 progression, presumably by cyclin-CDK complexes (Fig. 4A) . Next, to detect the association of our mutant constructs with E2F, we expressed various Flag-tagged pRb constructs in both Saos-2 cells and primary skin fibroblasts and observed the appearance of these constructs in E2F1 immunoprecipitations.
[Important for the interpretation of these experiments: when transfected, all pRb mutant constructs express at similar levels (Ref. 57 and data not shown).] Not surprisingly, in asynchronous cell populations, a larger amount of Flag-tagged pRb protein was present when Rb ⌬CDK was expressed than with wild-type pRb (Fig. 4B) . This demonstrates the constitutively active nature of Rb ⌬CDK , due to its inability to be phosphorylated (and thus inactivated) by cyclin-CDK activity. Interestingly, the association of E2F1 with Rb⌬CDK ϩT373 appeared similar to that of wild-type pRb, supporting the conclusion that phosphorylation of Thr-373 alone can facilitate release of pRb from E2F (Fig. 4B) .
Phosphorylation of Rb⌬CDK ϩT373 precedes activation of CDK2 kinase. Both CDK4 and CDK2 are capable of phosphorylating pRb on Thr-373 in vitro. Although our previous work had focused on the role of cyclin E-CDK2 in the phosphorylation of pRb (42, 57) , the finding that the cyclin E promoter itself became active when pRb was phosphorylated on Thr-373 (Figs. 2 and 3 ) left open the possibility that cyclin D-CDK4 might also phosphorylate this residue in vivo. To explore this possibility, we first established the G 1 time course of activation of CDK4 and CDK2 in primary human skin fibroblasts, which cycle considerably slower than most established cell lines. We found that cyclin D-CDK4 activity peaked 12-15 h after the readdition of serum to quiescent cells, whereas CDK2 activity reached maximal levels in 18 -24 h (Fig. 5A) . Interestingly, we found that the phosphorylation of Thr-373 closely mirrored the activation of cyclin D-CDK in DHF cells (Fig. 5B) , arguing that, in vivo, CDK4 is the dominant kinase at this residue. Phosphorylation of pRb on Thr-373 is sufficient to allow S phase entry. Expression of E2F-dependent genes such as cdc6, cyclin E, and polymerase ␦ facilitate cell cycle progression and S-phase entry (17) . We have demonstrated that phosphorylation of Thr-373 is sufficient in relieving transcriptional repression of E2F at the cyclin E promoter (Figs. 2 and 3 ). Thus we next questioned whether primary diploid human fibroblasts that express various mutant pRb constructs could enter S phase and synthesize DNA, as measured by the [ 3 H]thymidine incorporation assay. In agreement with previous results seen in rodent cells (57), we have shown that whereas expression of Rb ⌬CDK blocked DNA synthesis in diploid human cells, restoration of Thr-373 totally abrogated this effect, and restoration of other residues had little effect ( Fig. 6; other point mutants not  shown) .
The COOH-terminal domain of pRb is necessary for activation of E2F. Recent studies have shown that a portion of the COOH-terminal domain of pRb is sufficient in binding to E2F in vitro. Interestingly, this COOH-terminal fragment, which encompasses amino acids 786 -874, is able to release E2F by binding to the pocket domain of pRb, thereby destabilizing interactions required for binding of pRb to E2F (67) . Although these studies reveal that key intramolecular rearrangements occur upon phosphorylation, the precise amino acid residues required for E2F release were not explored. In addition, these in vitro binding assays were conducted in the absence of the NH 2 -terminal domain and did not reflect the full complexity of interactions that likely exists in the context of full-length pRb. Because we had shown presently and previously that restoration of Thr-373 in the NH 2 -terminal domain of pRb is capable of inactivating Rb ⌬CDK , resulting in activation of E2F and S-phase entry, we hypothesized that interactions between multiple domains of pRb likely contribute to the full complexity of pRb function.
To that end, we sought to determine the necessity for the extreme COOH-terminal domain in the inactivation of pRb and release of E2F by deleting the terminal 53 amino acids (residues 877-928) from our pRb mutant constructs. Strikingly, we found that, in Saos-2 cells, removal of the extreme COOH terminus, which does not remove any known CDK phosphorylation sites, changed Rb⌬CDK ϩT373 into a form (pRb
⌬C
) that is constitutively repressive of cyclin E reporter activity, similar to that of Rb ⌬CDK (Fig. 7A ). This intriguing result is not limited to transformed cells and the cyclin E promoter, because we observed similar results using a generic E2F reporter plasmid in primary human fibroblasts (Fig. 7B) . We further reasoned that if the extreme COOH terminus of pRb were necessary for inactivation of Rb⌬CDK ϩT373 , it might also be required for the normal inactivation of wild-type pRb. Thus we next deleted the terminal 53 amino acids from wild-type pRb and assessed E2F activation in this context. Dramatically, we found that E2F activation was substantially muted when pRb ⌬C was expressed, compared with that when full-length wild-type pRb was expressed (Fig. 7C) . This finding supports the notion that the extreme COOH terminus of pRb is involved in the CDKmediated phosphorylation/inactivation or pRb. Fig. 6 . Phosphorylation of Thr-373 is required for DNA synthesis. Primary DHFs were electroporated with the indicated pRb construct and synchronized in G0 by serum starvation for 48 h. Cells were then stimulated with 10% FBS for 17 h (except "basal"), followed by addition of [ 3 H]thymidine for 4 h. DNA synthesis was then measured using the [ 3 H]thymidine incorporation assay, as described in MATERIALS AND METHODS. Numbers represent TCA-precipitated counts per minute (CPM), samples were prepared in triplicate, and error bars represent 1 unit of standard deviation. A: primary DHFs were synchronized in G0 by serum starvation for 48 h, followed by stimulation with 10% FBS for the indicated lengths of time. Cell lysates were prepared, and CDK4 and CDK2 activity was measured using in vitro kinase assays with GST-pRB and histone H1 as substrates, respectively. B: primary DHFs were electroporated with Rb⌬CDK ϩT373 and synchronized in G0 by serum starvation for 48 h. Cells were stimulated with 10% FBS for the indicated lengths of time, lysates were prepared, and pRb complexes were immunoprecipitated with ␣-Flag antibody (Sigma F3165). Immunoprecipitates were then probed by Western blotting with ␣-phospho-pRb (Thr-373) and ␣-Flag.
The COOH-terminal domain of pRb is necessary for phosphorylation of Thr-373. The implication of impaired E2F activation upon expression of an pRb mutant lacking the extreme COOH terminus is that this domain plays a role in the phosphorylation of pRb. Because the current study specifically focused on the phosphorylation of Thr-373, we endeavored to assess the effect of deletion of the COOH terminus on the phosphorylation state of this residue. To that end, we observed that the deletion of the COOH-terminal 53 amino acids abolished the serum-induced phosphorylation of both wild-type pRb and Rb⌬CDK ϩT373 (Fig. 8) . The COOH terminus of pRb is necessary for entry into S phase. To determine the biological significance of the pRb COOH terminus in the regulation of S-phase entry, we examined DNA synthesis in the context of expression of mutants of pRb that lack the 53 COOH-terminal amino acids. Consistent with our previously published observations (42, 57) and those of this study, we found that cells in which E2F activation is diminished by hyperrepressive forms of pRb, entry into Sphase also was impaired, as measured by DNA synthesis (Fig. 9) . This dramatic observation indicates that, in human cells, the COOH terminus of pRb is somehow required for the proper inactivation of pRb via phosphorylation of the NH 2 terminus. Also, to our knowledge, this is the first demonstration that the extreme COOH terminus of pRb is required for S-phase entry.
DISCUSSION
Thr-373 as a critical residue involved in pRb inactivation.
Many studies have endeavored to identify precise phosphorylation sites critical for the inactivation of pRb. However, human pRb contains 16 putative phosphorylation sites, making it difficult to determine the effects of single alanine substitutions in the presence of a multiphosphorylated pRb construct. Previous efforts reached the reasonable conclusion that inactivation of pRb occurs via the cumulative effects of hyperphosphorylation. However, the dominant view also held that in cycling cells, countless phosphoisomers exist, even within a single cell at a single point in time, and that regulation of the repressive nature of pRb by cooperative phosphorylations probably resembles a "dial" more than an on/off switch. Using reverse mutational analysis, we have been able to determine the effects of single phosphorylation sites added back to the pRb ⌬CDK . This affords us the opportunity to examine the effects of discreet phosphorylation events in the "clean" context of an otherwise unphosphorylated pRb protein. For this reason, it is easy to conceive why Thr-373 had been previously overlooked as a critical phosphorylation.
However, although our data support the notion that Thr-373 (and to a lesser extent, Thr-356) may be sufficient for pRb inactivation, we have never maintained that this phosphorylation is required, and at least one group has previously shown that it is not (55) . These observations are not in conflict, because our claim that this phosphorylation site can mediate inactivation holds intact the prevailing model that cumulative phosphorylation is how inactivation of pRb normally occurs. Our data presented presently and previously (57) indicate that an accumulation of phosphorylations, even those not including Thr-373, indeed leads to inactivation of pRb, in agreement with the current model. Nonetheless, the notion that Thr-373 phosphorylation alone may be able to mediate pRb inactivation in human cells is intriguing and suggests a potential Achilles heel in the tumor suppressive capacity of RB1. It is striking that the activation of E2F in the context of pRb phosphorylation on Thr-373 alone is actually higher than under endogenous conditions or expression of wild-type pRb, as shown presently and previously (57) . This phenomenon has at least three explanations that are in no way mutually exclusive. First, in the wild-type setting of 16 phosphorylation sites, pRb has been shown to exist in many phosphoisomers, only some of which may be phosphorylated on enough residues (or the correct residues) to induce inactivation. However, an pRb allele that can only be phosphorylated by CDKs on one residue is much more likely to function as an all-or-none switch for pRb inactivation and E2F activity. Second, the observation of enhanced E2F activation also could suggest that some phosphorylation sites may act to functionally inactivate pRb, whereas others act to keep pRb in an active, transcriptionally repressive state. Thus it may be the degree and combination of active and inactive phosphorylation sites that ultimately decides whether or not pRb remains transcriptionally repressive.
Third, the physiological levels of E2F activity during G 1 progression may normally be the product of only some subset of the thousands of pRb proteins becoming inactivated in any given cell. Thus superphysiological levels of E2F activity would be expected when switching to an all-or-none pRb allele in this context. Intriguingly, by regulating the level of E2F activation, Thr-373 phosphorylation may directly influence how pRb/E2F can respond to some signals (mitogens) by inducing cell proliferation but other signals (oncogene activation) by inducing apoptosis.
In any event, our data argue that the function and physiological relevance of the NH 2 -terminal domain of pRb warrants reexamination. Interestingly, recent X-ray crystallography data show that the NH 2 -terminal domain shares striking commonalities with the pocket domain of pRb in that they both contain cyclin folds and are able to bind ligands that alter conformational changes between these domains (30) . In addition, the NH 2 -terminal peptide is able to bind the pocket domain, and this interaction is attenuated upon binding of LxCxE proteins to the pocket domain. These data offer critical insight into the possible binding interactions between the NH 2 -terminal and pocket domains of pRb. Previous studies have investigated the interactions between the COOH-terminal domain and the pocket domain of pRb in determining the contributing factors in pRb/E2F interactions (1-3). However, data from Mittnacht's group (30) provide evidence that the NH 2 -terminal domain also participates in these aforementioned interactions. It is simply not understood how the interactions among the NH 2 -terminal, COOH-terminal, and pocket domains affect the conformational structure of pRb and binding to E2F.
The COOH-terminal domain of pRb is required for inactivation by CDKs. In addition to discovering key CDK phosphorylation sites of pRb in the NH 2 -terminal region of pRb, we also have discovered that the extreme COOH terminus is necessary for pRb inactivation. Provocatively, there are no known CDK phosphorylation sites in this region. This finding in itself is significant, considering that most detailed molecular analysis of pRb structure-function relationships have focused on limited regions of the protein. Our results call for a new look at the intramolecular interactions present in the full-length molecule.
Many studies have relied on NH 2 -terminally truncated pRb constructs or fragments of the A/B pocket and COOH-terminal domain in probing pRb binding interactions with E2F. Although this has been useful, it negates the potential contribut- Fig. 8 . The COOH-terminal domain of pRb is required for phosphorylation on Thr-373. T98G human glioblastoma cells were electroporated with the indicated pRb construct (all Flag tagged), followed by serum starvation for 48 h. Cell were then stimulated, where indicated, with 10% FBS. pRb complexes were immunoprecipitated from 100 g of protein lysate, and immunoprecipitates were then probed by Western blotting with ␣-phospho-pRb (Thr-373) and ␣-Flag. Fig. 9 . The COOH-terminal domain of pRb is required for S-phase entry. Primary DHFs were electroporated with the indicated pRb construct and synchronized in G0 by serum starvation for 48 h. Cells were then stimulated with 10% FBS for 17 h (except "basal"), followed by addition of [ 3 H]thymidine for 4 h. DNA synthesis was then measured using the [ 3 H]thymidine incorporation assay. Numbers represent TCA-precipitated CPM, samples were prepared in triplicate, and error bars represent 1 unit of standard deviation.
ing factor of the NH 2 -terminal domain of pRb. In addition, as underscored by the present study, it is crucial to consider the three-dimensional interactions that may exist among the NH 2 -terminal, A/B pocket, and COOH-terminal domains. There are many conceivable mechanisms for our intriguing observations, the simplest of which is that the COOH-terminal domain of pRb is somehow necessary for the CDKs to recognize and act on pRb. It is possible that other binding partners of pRb play a role in the enzyme-substrate recognition event in a way that requires the COOH-terminal region of pRb. Another possibility is that the removal of the extreme COOH terminus induces a conformational change or a new protein-protein interaction that abrogates recognition or kinase activity by the CDKs. In any event, our prediction is that an intricate interaction among all three domains exists for proper physiological function and that these interactions selectively coordinate the binding and release of E2F, which in turn reflects the phosphorylation state of pRb. Further pRb structure-function studies are required to elucidate these complex molecular interactions.
Our conclusions do not undermine the central role of the A/B pocket in E2F binding but merely suggest that that NH 2 -terminal domain may play an influential role in determining the activation state of pRb. Although the crystallized large pocket domain of pRb has been extremely beneficial in understanding the participating role of the A/B pocket and COOHterminal domain in E2F and LxCxE binding, it would be interesting to see how the addition of the NH 2 -terminal domain affects these interactions and whether it too comes in contact with or is in close proximity to E2F or the E2F binding domain. Only then will the nature and function of the extreme COOH terminus, and its relationship to the phosphorylation status of the NH 2 terminus, become clear.
